Abstract -
Introduction
Sillenite-type crystals with chemical composition Bi 12 MO 20 (M= Si, Ge, Ti) belong to the cubic space group I23 and exhibit piezoelectric, electro-optical, elasto-optical, and photoconductive properties [1] [2] [3] [4] [5] [6] . The combination of electro-optical and photoconductivity properties results in the so-called photorefractive effect [7, 8] . Due to these properties, sillenite crystals are useful for many advanced and promising applications, such as a reversible recording medium for real-time holography, image processing applications, coherent light amplification, optical phase conjugation, optical information processing, optical interconnection and communications [7, 9] . Their photoconductivity is believed to be of n-type whereas their dark conductivity is of ptype [10] .
Bismuth titanium oxide crystals, Bi 12 TiO 20 (BTO), have some practical advantages compared to their isomorphs Bi 12 SiO 20 (BSO) and Bi 12 GeO 20 (BGO), including lower optical activity, larger electro-optic and photoconductivity coefficients and higher sensitivity to red light [7] . As with most photorefractive materials, BTO presents a rich defect structure, the nature of which is still a matter of active research. Doping sillenites with different elements has been tried in the hope of improving their characteristics and also to provide better understanding of the mechanisms and active centres involved in the recording process [11] . Point defects, either intrinsic or extrinsic, play a fundamental role in the BTO properties. Defect identification, including the dopant ions involved, their valence state and site occupation is essential since this information may guide the efforts for optimisation of the synthesis conditions to obtain the intended properties. The BTO structure is given in figure 1 .
Figure 1 -The structure of BTO
Bi/M antisite defects, consisting of a Bi 3+ ion in a tetrahedral M 4+ site, were suggested as the most probable intrinsic defect in sillenites, with charge compensation by a hole associated with the Bi 3+ ion. Doping with transition metals is known to have a significant effect on the spectroscopic properties of BTO [12, 13] . It was previously reported that Mn substitutes for M 4+ cations in Bi 12 MO 20 structure, with an oxidation state varying from 5+ to 2+ [14] . Different oxidation states and/or occupation sites would result in different effects on the spectroscopic properties causing different absorption/emission spectra, and may influence the density of charge carriers, so it is very important to study the BTO structure containing Mn-dopants.
X-ray absorption spectroscopy (XAS) is a powerful tool for determining the local structural information of compounds. The XAS spectrum has two typical regions, named as near-edge (XANES) and extended fine structure (EXAFS). The first region provides local chemical information, while the latter is used to obtain information about the local arrangement of elements surrounding absorbing atom [15] . In a previous work [16] atomistic simulation was used to study the intrinsic defect, ion migration and rare earth ion incorporation in the Bi 12 TiO 20 host. It was shown that Schottky defects, which are formed by only vacancy species, are most likely followed by oxygen Frenkel defects, which are formed by vacancy and interstitial pairs. The incorporation of the rare earth ions was found to be more favourable at the Bi 3+ site, but becomes less favourable going along the lanthanide group. Atomistic simulation was also used to study intrinsic and extrinsic defects in other titanates, for example, Bi 4 Ti 3 O 12 [17] , Bi 12 GeO 20 and Bi 4 Ge 3 O 12 [18] .
In this work, X-ray Absorption Near Edge Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS) were used to investigate, respectively, valence state and occupied site symmetry in manganese-doped BTO. Atomistic simulation was also used to help the interpretation of XANES/EXAFS and of the conductivity data.
Method

Experimental
Pure and doped Bi 12 TiO 20 samples were obtained by solid-state reaction. The precursors used in stoichiometric proportions were the oxides Bi 2 O 3 (Alfa Aesar, 99.99%), TiO 2 (Merck, 99.9%) and 0.5 mol% Mn(NO 3 ) 2 +4H 2 O (Merck, 98.5%). These precursors were ground in agate mortar and calcined at 700°C for 6 hours in an alumina crucible in an open atmosphere furnace.
The structural investigation and phase formation were carried out by powder Xray diffraction technique in a XRD-Rigaku RINT 2000/PC, using Cu Kα radiation. The measurements were performed at room temperature in step-scan mode, in the 2θ range between 10° and 80°, with steps of 0.02° and acquisition time of 10 s. The diffraction patterns were analysed according to the Rietveld profile refinement method using DBWS software [19] . The valence of the dopant and their site symmetry in the BTO matrix were investigated by XANES and EXAFS, measured at the D08B:XAFS2 beamline of the Brazilian Synchrotron Light Laboratory (LNLS, proposal XAFS1#9349) in Campinas/SP, Brazil. XANES and EXAFS spectra were acquired in fluorescence mode using incident photon energies around the Mn K-edge (6539 eV). Mn metallic foils were used to calibrate the beamline monochromator. Reference materials MnO, Mn 2 O 3 and MnO 2 were also measured and used to check the valence of the Mn ions in the sample.
For AC conductivity measurements, the powder samples were pressed into the form of discs and sintered at 800 ºC for 2h [20] . Electric contact was made by applying Pt paste on the parallel faces of the samples and firing them at 700 °C for 30 min. The measurements were carried out isothermally, in a Solartron 1260 Impedance Analyser, at frequency of 10 kHz.
Simulation
The calculations employed in this work are based on an atomistic model and energy minimisation. Energy minimisation is a method which allows the atomic coordinates to iteratively converge towards the atomic configuration with minimum total energy. In this method, the atomic positions are described in terms of classical potential models. The potential is used to express the interaction between the atoms. It takes into account the long-range Coulomb potential and both repulsive and attractive short-range contributions via the Buckingham potential. The electronic polarization effects are included by the core-shell model as described by Dick and Overhauser [21] . This model treats such effects in terms of a shell with charge Y connected to a core with charge Z-Y, where Z is the formal charge of the ion by an isotropic harmonic spring of force constant k. The shell nominally represents the valence electron cloud, and the core represents the nucleus plus core electrons. All calculations were made with the GULP code [22] . A set of pair-potential parameters was derived for the Bi 12 TiO 20 host in the previous work [16] wherein the Bi-O, Ti-O and O-O parameters were refitted using an initial parameterisation already used for BaTiO 3 [23] and BGO [18] . The observed difference between experimental and simulated structure are less than 0.1%. The Mn-O parameters used in MnO, Mn 2 O 3 and MnO 2 were fitted using an initial parameterisation obtained by Lewis and Catlow [24] .
The defect energies were calculated by the Mott−Littleton method [25] . This method consists of the division of crystal lattice surrounding a defect into two spherical regions. The first region is immediately surrounding the defects (region I), where interactions between atoms are treated explicitly and the ions are allowed to fully relax. The second region, comprising more distant ions, is treated as a dielectric continuum. Consistent region sizes of 16 and 18 Å for regions I and IIA were used in the calculations, following tests to ensure convergence had been reached. This methodology implicitly assumes that each defect is isolated in an infinite matrix and so it has to be viewed as a good approximation for diluted systems, where the concentration of dopants are low enough to consider each defect generated by them homogenously distributed in the solid matrix. Figure 2 presents the Rietveld refinement of the XRD (X-ray Diffraction) pattern of Bi 12 TiO 20 doped with 0.5 mol% Mn (called BTO: Mn hereafter) crystallised at 700 °C for 6 hours. The refinement employed a pseudo-Voigt function and used the Swindells [26] crystallographic data as starting parameters. The dots represent the experimental points and the solid line the refined pattern. The bottom part of the figure displays the difference between the measured and calculated data, indicating that a quite good structural refinement was achieved. The result confirms a cubic structure and space group I23 at room temperature. No other crystalline phase was detected. Table 1 
Results and discussion
The other possible charge compensation mechanisms are interstitial bismuth (Equations 2a and 2b), interstitial titanium (Equations 3a and 3b), or a trapped hole next to Mn 2+ in Bi 3+ site (Equations 4a and 4b):
Another possible scenario involves Mn 2+ at a Ti 4+ site with charge compensation by oxygen vacancies (Equations 5a and 5b), interstitial bismuth (Equations 6a and 6b), interstitial titanium (Equations 7a and 7b), or a trapped hole (Equations 8a and 8b):
MnO Ti Mn Ti TiO
Next Mn with valence 3+ substituting either at Bi 3+ or Ti 4+ sites is considered. For substitution at Bi 3+ sites, no charge-compensating defect is required and the defect reaction and energy are presented in Eqs (9a) and (9b) respectively. On the other hand, substitution at the Ti 4+ site would require charge compensation by oxygen vacancies, interstitial bismuth, interstitial titanium, or trapped holes. The respective reactions and energies associated to these defects are presented in Equations 10-13. 
In order to evaluate the most likely defect for each valence of Mn, the solution energies E sol were calculated for each case and are presented in Tables 3, 4 and 5. The model used for the hole state is the same as the O -ion, while electron states are represented by Ti 2+ and Ti 3+ species. Electron and hole formation energies are calculated by combining GULP interatomic energies with free-ion intra-atomic energies, i.e., the second electron affinity of oxygen [27] , the fourth adjusted potential of titanium, and the third ionization potential of bismuth [28] . Here the simplifying assumption is made that such ionization energies differ little from the free atom values. These values are also given in Table 5 . sites also compensated by hole defects, (Mn Ti ''+ 2h
• ) was calculated to be 3% higher than the previous one. This relatively small solution energy differences suggest the possibility of a Mn 2+ ion substituting at both cationic host sites. This can be explained in terms of the size difference between the Mn 2+ ion and the host matrix cations (ΔR) given in Table 7 . The values are based on the modulus of the difference of the ionic radii of Bi 3+ and Ti 4+ (R h (CN)) and the ionic radii of the doped ion (R d (CN) ), where CN is the coordination number. Ionic radii were taken from Shannon [29] . It can be seen that the ionic radii difference (ΔR) between Mn 2+ ions and Bi 3+ ion, 0.21 Å, is very similar to the size difference between Mn 2+ and Ti
4+
, 0.24 Å. The differences were taken considering the right coordination number for the Bi and the Ti sites. This suggests that the local distortions caused in the first nearest neighbours by the incorporation in the both host site are similar and that can explain the small difference in the solution energies. It is interesting to note that Mn 2+ incorporation at both host sites is expected to increase the hole defect concentration in the host.
The next defects that should be also considered are (2Mn Bi ).
The energy difference between these two defects is about 33%, indicating that the first one will probably dominate the dissolution mechanism of Mn 3+ in the BTO matrix. All the other defect types, including the isovalent substitution of Mn 3+ at the Bi 3+ sites, showed much higher formation energies, pointing to the fact that substitutional defects cannot be hypothesized simply considering charge similarities between the substituent and the substituted ions. On the contrary charge difference is just one of the issues and, in some cases as seen here, it is not the most important one. The chemical nature of the species including bonding types, coordination number and ionic radii can be as important as the ionic charges, even in a material with a strong ionic nature.
The dominant defect type induced by the Mn 3+ doping can be explained in terms of ionic radii difference (ΔR) between the Mn 3+ doped ion and the possible substituted ions (Bi  3+ and Ti   4+ ) given in Table 7 . In this case, since there is no reported data of Mn 3+ with coordination number 4, we have taken the data of coordination number 5 as a reasonable approximation [29] . The ionic radii difference (ΔR) for the incorporation at Bi 3+ (0.38 Å) are approximately two times greater than the incorporation at Ti 4+ (0.18 Å). The solution energies obtained for the substitution of the Mn 3+ ion are lower than for the substitution of the Mn 2+ ion. The results suggest that the Mn 3+ ion is more stable in the BTO host. . The absorption edge shifts towards higher values as the valence increases. This effects is due partly by an increasing attraction between the nucleus and 1s core electrons and partly by the effect of final-state wave functions. The spectral region just below K-edge XANES monitors the electronic transitions from 1s core level to unoccupied p or d states of the absorbing atom. In Fig. 2a it can be observed a pre-edge peak for BTO: Mn and also for all the references measured. The position of this peak is valence-dependent and also shifts positively with valence states. Its intensity, however, is symmetrydependent, and decreases with increasing coordination number [30] . Figure 3b presents the linear relationships of both energies of the pre-edge peak and absorption edge as a function of the oxidation number of Mn. For BTO: Mn, pre-edge peak position is E = 6541eV whereas the edge position is E = 6549 eV. In both cases, these values are between the ones observed for the references Mn 3+ and Mn
, which is consistent with mixed valence 3+ and 4+ of the absorber element. According to EXAFS measurements were used to probe the local environment of Mn dopant in the BTO structure. Experimental data were processed using ATHENA software [31] . A Normalized χ(k) signal was weighted by k 2 and Fourier transformed to R space, giving the radial distribution function presented in Fig. 3 . After this pre-treatment, two radial distributions were tentatively fitted to experimental data, supposing Mn either in Bi 3+ or Ti 4+ sites. This procedure employed the software ARTEMIS [31] and the crystallographic data of ref. [26] . The fitting parameters were radial distance (R) and mean square displacement (σ 2 ), also known as Debye-Waller factor. The calculated FT curves obtained in each case are also presented in Fig. 3 . Small oscillations below 1 Å are measurement artefacts and the first intense peak is due to the nearest oxygen neighbours. High attenuation of photoelectrons by heavy Bi atoms, as well as low concentration of Mn in the crystalline host, precludes the analysis of more distant coordination shells. Therefore, we will restrict the EXAFS analysis to the comparison between experimental and calculated position of the nearest oxygens, departing from structural models with either Mn Bi or Mn Ti defects. A visual analysis of the curves indicates that the fitting of Fig. 3b Table 6 ). Mn is more conductive than the pure sample for all temperatures tested, and that at higher temperatures this effect is more evident. It was reported in the literature that dark conductivity in BTO host is p-type, associated to antisite defect with charge compensation by trapped holes (Bi´T i +h • ) [7] . This defect is considered the acceptor centre responsible for electrical dark conduction [11] . Considering atomistic modelling and XAS results of the present work, additional defects (Mn´T i +h 
Conclusions
Pure and Mn-doped Bi 12 TiO 20 samples were obtained by solid-state reaction and studied by the experimental techniques XAS, XRD and AC conductivity, combined with atomistic simulation, in order to determine the oxidation number and site occupancy of Mn in BTO matrix. A good agreement between experimental and simulation results was achieved, indicating two different possible extrinsic defects induced by Mn-doping. XANES results point to a mixed 3+ and 4+ valence of Mn, which would occupy Ti 4+ site in both cases. Charge compensation by holes is the most energetically favourable process and is responsible by the enhancement observed for the AC dark conductivity, which is due to p-type charge carriers.
